Signaling by the stem cell factor receptor Kit in hematopoietic stem and progenitor cells is functionally associated with the regulation of cellular proliferation, differentiation and survival. Expression of the receptor is downregulated upon terminal differentiation in most lineages, including red blood cell terminal maturation, suggesting that omission of Kit transduced signals is a prerequisite for the differentiation process to occur. However, the molecular mechanisms by which Kit signaling preserves the undifferentiated state of progenitor cells are not yet characterized in detail. In this study, we generated a mouse model for inducible expression of a Kit receptor carrying an activating mutation and studied its effects on fetal liver hematopoiesis. We found that sustained Kit signaling leads to expansion of erythroid precursors and interferes with terminal maturation beyond the erythroblast stage. Primary KIT D816V erythroblasts stimulated to differentiate fail to exit cell cycle and show elevated rates of apoptosis because of insufficient induction of survival factors. They further retain expression of progenitor cell associated factors c-Myc, c-Myb and GATA-2 and inefficiently upregulate erythroid transcription factors GATA-1, Klf1 and Tal1. In KIT D816V erythroblasts we found constitutive activation of the mitogen-activated protein kinase (MAPK) pathway, elevated expression of the src kinase family member Lyn and impaired Akt activation in response to erythropoietin. We demonstrate that the block in differentiation is partially rescued by MAPK inhibition, and completely rescued by the multikinase inhibitor Dasatinib. These results show that a crosstalk between Kit and erythropoietin receptor signaling cascades exists and that continuous Kit signaling, partly mediated by the MAPK pathway, interferes with this crosstalk. Erythroid cell proliferation, differentiation and survival are tightly regulated to ensure supply of the organism with sufficient numbers of red blood cells. Regulation of these processes is governed by two major signaling receptors, the stem cell factor (SCF) receptor Kit and the erythropoietin receptor (EpoR). Kit is expressed in hematopoietic stem and progenitor cells and becomes downregulated upon differentiation of colony-forming unit erythroid cells.
Signaling by the stem cell factor receptor Kit in hematopoietic stem and progenitor cells is functionally associated with the regulation of cellular proliferation, differentiation and survival. Expression of the receptor is downregulated upon terminal differentiation in most lineages, including red blood cell terminal maturation, suggesting that omission of Kit transduced signals is a prerequisite for the differentiation process to occur. However, the molecular mechanisms by which Kit signaling preserves the undifferentiated state of progenitor cells are not yet characterized in detail. In this study, we generated a mouse model for inducible expression of a Kit receptor carrying an activating mutation and studied its effects on fetal liver hematopoiesis. We found that sustained Kit signaling leads to expansion of erythroid precursors and interferes with terminal maturation beyond the erythroblast stage. Primary KIT D816V erythroblasts stimulated to differentiate fail to exit cell cycle and show elevated rates of apoptosis because of insufficient induction of survival factors. They further retain expression of progenitor cell associated factors c-Myc, c-Myb and GATA-2 and inefficiently upregulate erythroid transcription factors GATA-1, Klf1 and Tal1. In KIT D816V erythroblasts we found constitutive activation of the mitogen-activated protein kinase (MAPK) pathway, elevated expression of the src kinase family member Lyn and impaired Akt activation in response to erythropoietin. We demonstrate that the block in differentiation is partially rescued by MAPK inhibition, and completely rescued by the multikinase inhibitor Dasatinib. These results show that a crosstalk between Kit and erythropoietin receptor signaling cascades exists and that continuous Kit signaling, partly mediated by the MAPK pathway, interferes with this crosstalk. Erythroid cell proliferation, differentiation and survival are tightly regulated to ensure supply of the organism with sufficient numbers of red blood cells. Regulation of these processes is governed by two major signaling receptors, the stem cell factor (SCF) receptor Kit and the erythropoietin receptor (EpoR). Kit is expressed in hematopoietic stem and progenitor cells and becomes downregulated upon differentiation of colony-forming unit erythroid cells. 1 EpoR gets upregulated after erythroid commitment and is expressed until later erythroblast stages. 2 Both receptors are essential for erythroid development, as Kit or EpoR-deficient mice die in utero because of impaired fetal liver erythropoiesis. 3, 4 The roles of Kit and EpoR in erythropoiesis are partially overlapping and signal integration after co-stimulation results in proliferative synergy and enhanced survival. [5] [6] [7] However, Kit has been attributed a primary role in proliferation, 8, 9 whereas EpoR has its main role in mediating differentiation and survival. 10 In terms of intracellular signaling, stimulation of either Kit or EpoR can activate the phosphoinositide 3-kinase (PI3K) and the mitogen-activated protein kinase (MAPK) pathways. [11] [12] [13] Src family kinases (SFKs) like Lyn 14 provide an important signaling route downstream of Kit and mediate Ras/MAPK signaling and crosstalk to the EpoR. 6, 15 Transphosphorylation of EpoR upon Kit stimulation has been shown, which is also dependent on SFKs. 6 Furthermore, Lyn has also a role in signal transduction downstream of EpoR. 16 EpoR activates the janus family kinase (JAK)/signal transducers and activators of transcription (Stat) pathway by first activating tethered Jak2, which then mediates phosphorylation of EpoR tyrosine residues to provide docking sites for signaling mediators including Stat5. 13, 17 A number of transcriptional regulators have been described as indispensable for erythroid development, including GATA-2, c-Myc and c-Myb, which are associated with proliferation of immature cells. [18] [19] [20] GATA-1 is considered as the master regulator of erythropoiesis regulating commitment, differentiation and survival and Scl/Tal1 has a role in erythroid commitment and differentiation. [21] [22] [23] [24] A key effector for erythroid differentiation is the anti-apoptotic protein Bcl-xL, which mediates cell survival during terminal maturation.
Here, we asked by which means Kit signaling modulates terminal erythroid differentiation and chose a gain-of-function approach to get insight into that process. We generated and analyzed a conditional mouse model for ectopic expression of a Kit receptor carrying the activating D816V substitution. 
Results
Generation of transgenic mice. A mutation in the Kit gene causing an aspartate-to-valin substitution at position 814 in mice or the homologous position 816 in humans renders the receptor constitutively active independent of ligand binding and receptor dimerization. Although cell surface expression of the KIT D816V receptor is reduced and its localization shifted to the Golgi apparatus, it has been demonstrated that KIT D816V activates the major signaling pathways that are also induced by the ligand-dependent wild-type receptor. 25 Implication of the D816V mutation in the pathogenesis of myeloproliferative disease demonstrates a critical role of KIT D816V transduced signals in the development of myeloid cells. 26, 27 Although extrapolations regarding the physiological mechanisms of Kit signaling during myeloid cell differentiation must be made with caution, it is thus reasonable that similar signaling events are activated by the mutant KIT D816V receptor and valuable insights can be provided by such a model. We therefore generated a conditional mouse line with knock-in of a chimeric KIT receptor carrying the D816V mutation in the ROSA26 locus. The receptor consists of the murine extracellular and transmembrane domains and the human intracellular domain (Supplementary Figure 1A) and shows fully transforming potential in murine cells. 25 We linked the KIT cDNA to a green fluorescent protein (GFP) coding sequence from copepod Pontellina plumata by a viral 2A-sequence 28 to generate the GFP-2A-KIT D818V fusion protein, hereafter called KIT D816V . During translation the 2A-peptide mediates separation of GFP and KIT, allowing reliable tracking with minimal alteration of the receptor. Figure 1a illustrates introduction of the KIT D816V transgene into the ROSA26 genomic locus, generating the R26-LSL-KIT D816V allele. The transcriptional LSL-STOP cassette prevents KIT D816V expression before Cre-induced recombination.
Targeting was confirmed by Southern blot analysis ( Figure 1b) . Blastocyst injection and subsequent germline transmission yielded R26-LSL-KIT D816V mice.
Ectopic KIT D816V expression mediates expansion of fetal liver erythroid precursors and partially blocks terminal erythroid differentiation. We first mated R26-LSL-KIT D816V females with Sox2-Cre male mice. 29 The Sox2 promoter To analyze fetal liver erythropoiesis, we used a flow cytometric assay based on CD71 and Ter119 expression. 32, 33 CD71 is expressed in committed erythroid progenitor cells and becomes downregulated in terminally differentiated cells, which upregulate Ter119. According to their CD71/Ter119 profile, cells were divided into six subsets (S0-S5), which constitute a developmental sequence in red blood cell maturation ( Figure 2d) . 32, 33 In Vav:KIT Figures 1D and E) . To further define the differences in the developmental sequence, we adapted a high-resolution flow cytometric analysis for late erythroid precursors beginning from the proerythroblast (ProE) stage, 34 with the gating strategy outlined in Figure 2e . Figure 2f shows the quantified data as fold change in cellularity compared with control. This approach revealed that cells up to the basophilic erythroblast stage accumulate in Vav:KIT D816V fetal livers, whereas more mature cells are significantly decreased. To verify proper analysis, we sorted cells from the indicated populations and confirmed staging by morphological analysis (Supplementary Figure 2D) . Of note, we also noticed a significant increase in B220 pos and Mac-1 pos cells in fetal livers of Vav:KIT D816V embryos ( Figure 2g ). We further determined the cell count in peripheral blood from E13.5 Vav: KIT D816V and control embryos. We found a mild decrease in total cellularity (not significant) and a significant decrease in the frequency of enucleated red blood cells (Supplementary Figure 2E ). This indicates unaffected primitive erythropoiesis, whereas blockage of definitive erythropoiesis results in a mild anemia. Thus, ectopic Kit signaling causes marked expansion of erythroid precursors and concomitant block in terminal differentiation.
We performed transcriptome microarray analysis with E13.5 Vav:KIT D816V and control fetal livers and found 1523 genes differentially expressed (log2 fold change 40.5; adjusted P-value o0.05). Array data were validated by qRT-PCR (Supplementary Figure 2F) . Numerous genes relating to liver-specific metabolic processes were downregulated in accordance with liver damage observed in KIT D816V animals. This indicates that expansion of fetal liver erythroblasts impairs associated hepatoblasts and normal liver function, contributing to embryonic death. Supplementary Tables 5-7 provide a mapping to GO terms and KEGG pathways and a list of deregulated genes associated with apoptosis, cell cycle and erythropoiesis.
KIT
D816V causes elevated late stage apoptosis and partially blocks cell cycle exit during Epo-dependent terminal maturation of primary erythroblasts. To further characterize the developmental block in KIT D816V erythroblasts, we analyzed differentiation of primary erythroblasts ex vivo. Cells from E13.5 fetal liver of Vav:KIT D816V and control embryos were cultured up to 5 days in serum-free medium supplemented with SCF, Epo and dexamethasone (Dex) to expand ProEs and restrict their differentiation. 35, 36 Under proliferative conditions, the majority of cells for either genotype were in early erythroblast stages (Supplementary Figure 3A) . In order to exclude contamination with other cell types, we applied the flow cytometric analysis presented in Figure 2e and sorted the ProE population for subsequent analyses. Next, terminal differentiation of sorted ProEs was induced by withdrawal of SCF/Dex and administration of transferrin, insulin and Epo (high concentration) and cultures were observed for 5 days. Developmental staging of cells by morphology and hemoglobin accumulation showed that on day 3 of differentiation 460% of control cells were enucleated and no ProEs were found. In contrast, 420% ProEs and only 25% reticulocytes were found in KIT Figure 3B ). To investigate cell death, we performed combined AnnexinV/7-aminoactinomycin staining, which revealed significantly elevated rates of apoptosis for KIT D816V cells after 2 and 3 days (Figure 3d) . We further analyzed cell cycle distribution by staining with propidium iodide, revealing no difference in cell cycle in KIT D816V and control ProEs under proliferative conditions (Figure 3e ). However, upon differentiation, control cells rapidly underwent cell cycle arrest and analysis was only possible until day 2, as mostly enucleated cells were left thereafter. In contrast, significantly more KIT D816V cells remained in S phase on day 2 ( Figure 3e ) and a fraction of cells continued cycling. During this experiment, growth of cells with precursor cell morphology was observed in KIT D816V samples (Figure 3a) , which continued to proliferate for several days. We therefore asked if KIT D816V cells could proliferate in the absence of SCF. Here, KIT D816V cells could still expand to a similar level as SCF-simulated control cells. Addition of SCF considerably extended the proliferative window of KIT D816V cells by 3-4 days (Supplementary Figure 3C) . This demonstrates that transgenic KIT D816V signaling on its own mimics exogenous SCF stimulation in terms of cellular response (stimulation of proliferation). Our results show that KIT D816V erythroblasts react to differentiation 
D816V erythroblasts fail to execute the transcriptional differentiation program. We next investigated the molecular mechanisms underlying the impaired differentiation capacity of KIT D816V erythroblasts. We analyzed transcription of genes important for erythropoiesis, cell cycle control and apoptosis in primary erythroblasts. Figure 4a shows expression profiles for selected transcripts during differentiation of sorted ProEs. In KIT D816V and control ProEs (day 0), we found similar expression levels for most analyzed genes. Interestingly, expression levels for Gata2 were significantly elevated in KIT D816V ProEs, indicating that Kit signaling positively regulates Gata2. When cells were stimulated to differentiate, significant differences in expression dynamics were observed. Expression of Gata2, c-Myb and c-Myc was maintained at significantly higher levels in KIT D816V cells compared with controls (Figures 4a and b) , whereas erythroid transcription factors Klf1, Tal1 and Gata1 were not induced properly (Figure 4a ). We also found elevated CyclinD2 and reduced Cdkn1a/p21 expression in KIT D816V cells. Moreover, anti-apoptotic Bcl2l1/Bcl-xL, Mcl1, Trib3 and pro-apoptotic Nix (coexpressed with Bcl-xL during erythroid maturation) were not upregulated in KIT D816V cells (Figures 4a and b,  Supplementary Figure 4A) . 21, [37] [38] [39] [40] Alongside, downregulation of Bad and Bid was impaired (Figure 4a ). These data show that continuous Kit signaling perturbs induction of the transcriptional program associated with terminal erythroid maturation and interferes with regulation of key mediators of cell cycle control, cell death and survival, thereby leading to continued proliferation and elevated apoptosis during terminal differentiation.
As we found a failure of KIT D816V cells to undergo the switch from GATA-2 to GATA-1 expression, we asked if overexpression of erythroid master regulator GATA-1 would rescue differentiation of KIT D816V cells. We retrovirally transduced primary KIT D816V cells with MSCV-GATA-1-mCherry and induced terminal differentiation. However, we found no Figures 4D-F (Figure 5a ). Akt phosphorylation in mutant cells was also lower in response to SCF when compared with controls. The reduced Akt response may be explained by KIT D816V -induced feedback mechanisms, which may render cells unresponsive for differentiation-inducing signals transduced by EpoR.
Interfering with MAPK activation partially restores terminal differentiation of KIT D816V erythroblasts. Constitutive p42/44 phosphorylation pointed to a critical role of the MAPK pathway in KIT D816V -mediated inhibition of terminal erythroid differentiation. To confirm functional importance of this pathway, we interfered with MAPK activity by adding the MEK1/2 inhibitor U0126 during erythroblast differentiation. On days 2 and 3, a partial rescue of differentiation of U0126-treated KIT D816V erythroblasts could be demonstrated by morphological staging (Figure 5b ) and CD71/Ter119 expression, which showed significantly less KIT D816V cells in S2 and more in S4 stage (Figure 5c, Supplementary Figure 5B) . Moreover, U0126-treated KIT D816V cells showed initiation of Klf1 expression and repression of c-Myb and c-Myc (Figure 5d ). However, MEK1/2 inhibition had also an effect on CD71/Ter119 expression in control cells. Here, we found a shift from S5 toward S3 and S4 stages in U0126-treated cells (Supplementary Figure 5A) . Accordingly, on day 5 we no longer detected a significant difference between KIT D816V cells treated with solvent and U0126 (Supplementary Figure  5C) . These results might indicate that Kit-dependent MAPK activity counteracts initiation of terminal maturation, while it also has an important role in the later, final erythroid maturation steps, possibly in the context of EpoR signaling.
SFK member Lyn is deregulated in KIT
D816V erythroblasts. SFK member Lyn has been reported to mediate Kit and EpoR signaling in erythroid cells. 16, 44 Owing to its key role, we assessed the activity of Lyn and found increased activating (Y396) and inhibitory phosphorylation (Y507) in KIT D816V cells compared with controls, indicating an elevated Figure 5D ). As Dasatinib lacks specificity for SFKs, we treated cells with the SFK-specific inhibitor SU6656. 46 Under proliferative conditions SU6656 had an inhibitory effect on erythroblast proliferation, which became obvious earlier in control cells (Figure 6d ). However, we could not observe consistent inhibition of SCF-induced active Lyn or p42/44 phosphorylation upon SU6656 administration in the indicated concentrations (Supplementary Figure 5E) . Accordingly, we found no effect of SU6656 on terminal differentiation of KIT D816V cells (Supplementary Figures 5F and G) . Further studies will be necessary to elucidate the role of Lyn in Kit/EpoR co-signaling and the differentiation block of KIT D816V cells. Taken together, our data demonstrate that Kit-induced MAPK activity antagonizes the first steps of erythroblast differentiation. Administration of Dasatinib indicates that other signaling transducers, potentially SFK member Lyn, must act in parallel to MAPK to exert the full inhibitory effect of KIT D816V on differentiation.
Discussion
Stimulation of Kit by SCF has been shown to promote proliferation and delay differentiation of hematopoietic precursor cells. 8 The mechanisms that mediate cellular response downstream of Kit signaling and modulate cell differentiation are still incompletely understood. We generated a mouse model that allows ectopic expression of autoactive Kit D816V during fetal liver hematopoiesis. Although mechanisms of autoactive Kit D816V signaling cannot be formally equated with physiological mechanisms triggered by SCF in erythropoiesis, their study can provide valuable insights into those processes as basis for further investigation. Furthermore, a mouse model for Kit D816V expression is of great interest for the study of Kit receptor mutations in hematologic malignancies. In Kit D816V mice, we found marked expansion of committed erythroid precursors and inhibition of their terminal differentiation, characterized by suppression of the transcriptional differentiation program and deregulation of apoptotic regulators like Bcl-xL.
In primary KIT D816V erythroblasts stimulated to differentiate, we noted retained expression of precursor cell associated transcription factors GATA-2, c-Myb and c-Myc and insufficient expression of the erythroid master regulator GATA-1. Different studies have shown that ectopic expression of either GATA-2, c-Myb or c-Myc leads to an arrest in terminal erythroid differentiation, [47] [48] [49] resembling the partial block seen in KIT D816V cells. Hence, our data strongly suggest that Kit signaling positively regulates expression of these factors, which each affect terminal differentiation. Overexpression of a cells might also be a consequence of GATA-1 deficiency. However, overexpression of GATA-1 in KIT D816V cells was not able to restore differentiation and to induce downregulation of GATA-2, c-Myb and c-Myc. As we found significantly elevated Gata2 expression in KIT D816V ProEs, we speculate that GATA-2 occupancy of GATA binding sites may render KIT D816V cells unable to undergo the GATA switching. Interestingly, induction of GATA-2 expression by SCF/Kit signaling has been reported before. 53 Upon Epo-dependent differentiation, KIT D816V cells underwent elevated apoptosis marked by decreased induction of anti-apoptotic factors like Bcl-xL and Mcl1. This is in accordance with previous reports studying the physiological role of SCF in erythroid survival, demonstrating SCF-mediated protection of erythroblasts from apoptosis by upregulation of Bcl-2 family proteins. 54 In addition, we found KIT D816V -dependent deregulation of pro-apoptotic factors like Nix, deficiency for which also impairs erythroid maturation. 39 These findings substantiate and extend the role of Kit in protection from apoptosis through regulation of pro-and antiapoptotic factors.
As EpoR/Stat5 target genes Bcl-xL, Cis and Socs3 were affected in KIT D816V cells, we hypothesized that the Epo/Stat5 response might be impaired by continuous KIT D816V signaling. However, studying the short-term signaling response, we found regular Epo-dependent Stat5 phosphorylation in KIT D816V cells. We speculate that Stat5 signaling might act in concert with other pathways to regulate specific target genes. Stat5 associates to phosphorylated tyrosine Y343 of the EpoR, whereas PI3K can directly bind to Y479. 55 However, studies using EpoR tyrosine-mutants demonstrated that PI3K/Akt activation is also indirectly mediated via Y343, involving the adaptor Gab2. 37, 55, 56 Stat5 and Akt pathways are thus coupled in EpoR signaling and might cooperate in target gene activation. Interestingly, we could show that KIT murine embryonic stem cells as previously described. 60 Southern blot analysis verified homologous recombination at the Gt(ROSA)26Sor (ROSA26) locus and blastocyst injection yielded chimeric mice. Offspring were screened for presence of the targeted allele by PCR; primer sequences are given in Supplementary Table 1 . Transgenic mice were termed R26-LSL-KIT D816V mice and crossed back into the 129Sv/S2 genetic background. Mice were registered with the mouse genome database (MGI:5516508), the allele is named Gt(ROSA)26sorTM1(GFP-cKIT*)Hsc. Sox2-Cre mice 29 were maintained on a 129Sv/S2 genetic background and Vav-iCre mice 30 were maintained on a C57BL/6J genetic background. Imaging of mouse embryos and fetal livers was performed with a Leica MZ16 FA stereomicroscope (Leica, Wetzlar, Germany) using a Planapo 1x objective and pictures were taken with a Microfire digital camera (Optronics, Goleta, CA, USA). Analysis of fetal peripheral blood is described in Supplementary Experimental Procedures.
Flow cytometry. Fetal liver cellularity was determined using a Hemavet 950 (Drew Scientific, Dallas, TX, USA). Cells were stained with fluorochrome-conjugated antibodies listed in Supplementary Table 2. Nucleated cells were stained with 10 μg/ ml Hoechst H33342 (Life Technologies). Apoptosis was assayed using PE AnnexinV Apoptosis Detection Kit I (BD Pharmingen, San Diego, CA, USA) according to the manufacturer's instructions. For cell cycle analysis, cells were fixed in 70% ethanol, rehydrated and stained with propidium iodide. Doublets were excluded by gating in FSC-width against FSC-area plot. Flow cytometry was performed on a BD FACSCanto™ II Flow Cytometer (Becton Dickinson, Heidelberg, Germany) and data were analyzed using FlowJo software (TreeStar, Ashland, OR, USA). Flow cytometric cell sorting was performed using a BD FACSAria III (Becton Dickinson) with 70 μm nozzle size.
Transcriptome microarray analysis. For microarray-based transcriptome analysis, the Illumina MouseWG-6 v2.0 Expression BeadChip (Illumina, San Diego, CA, USA) was used. Sample processing and data analysis is described in Supplementary Experimental Procedures. Microarray data have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE53581.
Cell culture. Cultivation of primary erythroid progenitor cells was performed as described elsewhere 35 with few adaptations. Briefly, fetal liver cells from E13.5 embryos were seeded in serum-free StemPro-34 medium plus nutrient supplement (Life Technologies), supplemented with 2 U/ml human recombinant erythropoietin (Erypo FS 1000, Janssen-Cilag, Neuss, Germany), 100 ng/ml murine recombinant SCF (Miltenyi Biotec, Bergisch Gladbach, Germany), 0.4 μg/ml Dex and 40 ng/ml mouse IGF-1 (Sigma-Aldrich, St. Louis, MO, USA). Dead and differentiated cells were removed by centrifugation through Ficoll (density 1.077 g/ml). For induction of Figure 7 Schematic summary outlining the molecular mechanisms resulting in block of differentiation and sustained proliferation in KIT D816V erythroblasts. Black arrows show relationships uncovered in this work. Gray arrows indicate interactions/ regulations that have been demonstrated in other studies terminal differentiation, cells were washed twice in PBS and resuspended in StemPro-34 medium with 10 U/ml human recombinant erythropoietin, 1 mg/ml iron-saturated human transferrin (Sigma-Aldrich) and 4 × 10 − 4 IE/ml Insulin (Actrapid Flex Pen, Novo Nordisk, Bagsvaerd, Denmark). Dasatinib and U0126 MEK1/2 inhibitor were purchased from Cell Signaling Technology (Danvers, MA, USA) and used at a final concentration of 500 nM and 10 μM, respectively. SU6656 (Santa Cruz Biotechnology, Dallas, TX, USA) was used at a final concentration of 2 μM. Retroviral infection of primary erythroblasts is described in Supplementary Experimental Procedures.
Quantitative real-time PCR and immunoblotting. Total RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden, Germany). cDNA synthesis was performed using RevertAid Premium reverse transcriptase (Fermentas, Thermo Fisher Scientific, Waltham, MA, USA). For amplification of target sequences, Maxima SYBR Green/ROX (Fermentas) was used. Reference genes Gusb (glucuronidase), Sdha (succinate dehydrogenase) and Hprt (hypoxanthine-guanine phosphoribosyltransferase) were used for normalization. Primer sequences for qRT-PCR are given in Supplementary Table 3 . For protein extraction, cells were lysed in radioimmunoprecipitation assay buffer (Cell Signaling Technology) supplemented with complete mini protease inhibitor, PhosSTOP (Roche, Penzberg, Germany) and sodium orthovanadate. Antibodies for immunoblotting are listed in Supplementary  Table 2 .
Histology and immunohistochemistry. For immunohistochemistry, samples were fixed in 4% paraformaldehyde, dehydrated, embedded in paraffin and stained with antibodies against Ki67 (DAKO, Glostrup, Denmark), caspase 3 (cleaved) (Zytomed Systems, Berlin, Germany) and biotinylated secondary antibodies (DAKO). Imaging was performed with a Leica DM5500 B microscope using 4x/0.10 and 100x/1.30 oil objectives. Pictures were taken with a JVC KY-F75U digital camera (JVC, Wayne, NJ, USA). Cytospins were prepared using a Shandon Cytospin3 cytocentrifuge (Shandon Lipshaw, Erie, PA, USA). For hemoglobin detection, slides were fixed in methanol, incubated in 0.05% 3,3'-diaminobenzidine, 1% imidazole, 0.1% H 2 O 2 in 50 mM Tris-Hcl buffer (pH 7.4) protected from light and counterstained with Giemsa. Pictures were taken with a Leica DM LB microscope using a 100x/1.30-0.60 oil objective a JVC KY-F70B digital camera.
Statistical analysis. Data are presented as mean of independent experiments with the variance given as S.D. The statistical significance is represented by one asterisk (Po0.05); two asterisks (Po0.01) and three asterisks (Po0.001). P-values were determined using a two-tailed, unpaired Student's t-test for comparison between two groups. For comparison between more than two groups, one-way ANOVA or two-way ANOVA with Bonferroni post-tests were performed using GraphPad Prism (GraphPad Software, San Diego, CA, USA).
